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TARGET REGION FILLING INVOLVING
SOURCE REGIONS, DEPTH INFORMATION,
OR OCCLUSIONS

GOVERNMENT FUNDING

This invention was made with government support under
Prime Award No.: 1019343 Subaward No.: CIF-B-149,
CFDA: 47.070 awarded by The National Science Foundation.
The government has certain rights in the invention. This mate-
rial is based upon work supported by the National Science
Foundation under Grant No. 1019343 to the Computing
Research Association for the CIFellows Project.

BACKGROUND

Image editing techniques are becoming increasingly popu-
lar as the pervasiveness of image capture devices continues to
increase. A user, for instance, may carry a mobile phone
having a digital camera, a tablet computer, dedicated camera,
and so on to capture an image of an image scene. A user may
then employ image editing techniques to modify the image as
desired.

One such example of an editing technique is commonly
referred to as “hole filling” Hole filling may be used to
support removal of objects from an image, such as to remove
a person from the image, repair an image, and so on. To
perform this technique, a hole created by removing the object
is filled, which is typically based on areas of the image that lie
“outside” the hole.

However, conventional hole filling techniques could gen-
erate inaccuracies in the image, which could be noticeable to
a user. Further, these inaccuracies may be magnified in some
instances, such as when used in stereoscopic images such that
images modified using these conventional techniques could
cause the stereoscopic images to fail for their intended pur-
pose.

SUMMARY

Target region filling techniques are described. Techniques
are described in which stereo consistency is promoted
between target regions, such as by sharing information during
computation. Techniques are also described in which target
regions of respective disparity maps are completed to pro-
mote consistency between the disparity maps. This estimated
disparity may then be used as a guide to completion of a
missing texture in the target region. Techniques are further
described in which cross-image searching and matching is
employed by leveraging a plurality of images. This may
include giving preference to matches with cross-image con-
sistency to promote consistency, thereby enforcing stereo
consistency between stereo images when applicable.

This Summary introduces a selection of concepts in a sim-
plified form that are further described below in the Detailed
Description. As such, this Summary is not intended to iden-
tify essential features of the claimed subject matter, nor is it
intended to be used as an aid in determining the scope of the
claimed subject matter.

BRIEF DESCRIPTION OF THE DRAWINGS

The detailed description is described with reference to the
accompanying figures. In the figures, the left-most digit(s) of
areference number identifies the figure in which the reference
number first appears. The use of the same reference numbers
in different instances in the description and the figures may
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indicate similar or identical items. Entities represented in the
figures may be indicative of one or more entities and thus
reference may be made interchangeably to single or plural
forms of the entities in the discussion.

FIG. 1 is an illustration of an environment in an example
implementation that is operable to employ techniques
described herein involving target region filling.

FIG. 2 depicts a system in an example implementation in
which images are captured of an image scene and used to fill
a target region.

FIG. 3 depicts an example of operation of a patch-matching
algorithm.

FIG. 4 is a flow diagram depicting a procedure in an
example implementation in which stereoscopic consistency
of patches is enforced to fill target regions for a plurality of
stereoscopic images.

FIG. 5 is a flow diagram depicting a procedure in an
example implementation in which a target region in a dispar-
ity map is filled and then target regions in stereoscopic images
are filled using a color texture.

FIG. 6 is a flow diagram depicting a procedure in an
example implementation in which depth information is used
to compute a color texture patch.

FIG. 7 is a flow diagram depicting a procedure in an
example implementation in which a patch is computed using
a source region that includes an area of an image outside of a
target region as well as another image.

FIG. 8 is a flow diagram depicting a procedure in an
example implementation in which a patch is computed to fill
a target region that includes an occluded portion.

FIG. 9 illustrates an example of disparity maps.

FIGS. 10-14 are illustrations of techniques in which a
target region is filled after removal of an object from stereo
images in which a disparity map is also filled.

FIG. 15 is an example of a graffiti removal target filling
technique in which depth information is retained.

FIG. 16 illustrates an example system including various
components of an example device that can be implemented as
any type of computing device as described and/or utilize with
reference to FIGS. 1-15 to implement embodiments of the
techniques described herein.

DETAILED DESCRIPTION
Overview

As consumer-grade stereo cameras become increasingly
common, users desire an ability to edit stereo images in ways
that are conventionally employed for individual images. Con-
sequently, this may introduce challenges of maintaining ste-
reoscopic fidelity between the edited images. However, this
may also introduce a new set of opportunities to take advan-
tage of additional information that may be obtained from a
pair of images.

An example of one technique that may be used to edit
images involves replacement of target regions of an image
with content by intelligently drawing from the rest of the
image surrounding the target region, which is commonly
referred to as hole filling. A variety of different techniques
were conventionally employed to perform this replacement
on single images. However, these conventional techniques
may cause inconsistencies when applied to stereo images,
thereby causing the stereo images to fail for their intended
purpose, e.g., to support stereoscopic vision.

Accordingly, techniques are described herein that may be
employed for target region filling that may be employed for
stereo images as well as for images individually. In an imple-
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mentation, techniques are described which involve comple-
tion of target regions that define missing portions of respec-
tive disparity maps to promote consistency between the
disparity maps. This estimated disparity may then be used as
a guide to completion of a missing texture in the target region.
Further, coherence of the respective images may be encour-
aged such that the stereo images function as intended, e.g.,
support a stereoscopic view.

Techniques are also described in which cross-image
searching and matching is employed by leveraging a plurality
of images. For example, cross-image matching may be per-
formed to automatically copy corresponding un-occluded
portion of one image into another image. Further, when
blending patches, preference may be given to matches with
cross-image consistency, thereby enforcing stereo consis-
tency between stereo images when applicable. A variety of
other techniques are also contemplated, further discussion of
which may be found in relation to the following sections.

In the following discussion, an example environment is
first described that may employ the techniques described
herein. Example procedures are then described which may be
performed in the example environment as well as other envi-
ronments. Consequently, performance of the example proce-
dures is not limited to the example environment and the
example environment is not limited to performance of the
example procedures. Although the following discussion at
times describes stereoscopic implementations, these tech-
niques may also be applicable to single images as well as a
plurality of images that are not stereoscopic. This may
include multiple images of the same image scene (e.g., a
particular landmark), multiple images having a matching
object in different image scenes (e.g., a car photographed at
different locations), and so forth.

Example Environment

FIG. 1 is an illustration of an environment 100 in an
example implementation that is operable to employ tech-
niques described herein. The illustrated environment 100
includes a computing device 102 and a plurality of image
capture devices 104, 106, which may be configured in a
variety of ways.

The computing device 102, for instance, may be configured
as a desktop computer, a laptop computer, a mobile device
(e.g., assuming a handheld configuration such as a tablet or
mobile phone), and so forth. Thus, the computing device 102
may range from full resource devices with substantial
memory and processor resources (e.g., personal computers,
game consoles) to a low-resource device with limited
memory and/or processing resources (e.g., mobile devices).
Additionally, although a single computing device 102 is
shown, the computing device 102 may be representative of a
plurality of different devices, such as multiple servers utilized
by a business to perform operations “over the cloud” as fur-
ther described in relation to FIG. 9.

The image capture devices 104, 106 may also be config-
ured in a variety of ways. [llustrated examples of such con-
figurations include a standalone camera such as a dedicated
device, part of a mobile phone or tablet, and so on. Other
examples are also contemplated. For example, each of the
image capture devices 104, 106 may be configured as a single
stereoscopic camera, scanner, copier, camera, mobile device
(e.g., smart phone), and so forth. In another example, a single
image capture device 104 may be used to capture multiple
images of an image scene, such as the basketball, cone, and
piece of paper in the room as illustrated.

The image capture devices 104, 106 are illustrated as
including a respective image capture module 108, 110. The
image capture modules 108, 110 are representative of func-
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4

tionality to capture respective images 112, 114, such as by
including image sensors and other hardware and software
components to capture, process, and/or store images 112,
114.

The images 112, 114 in this example are stereoscopic in
that the images are taken from different viewpoints of the
illustrated image scene 116. For example, the images 112,
114 may be viewable by a user to gain a perception of three
dimensional depth of the image scene. The images 112, 114
may also be usable to model the image scene in three dimen-
sions, such as to determine depth at various locations. This
may be performed in a variety of ways as further described
below.

The computing device 102 is illustrated as including an
image processing module 118. The image processing module
118 is representative of functionality to perform one or more
techniques that are usable to process an image. Although
illustrated as implemented locally on the computing device,
functionality of the image processing module may also be
implemented in a distributed environment, remotely via a
network 120 (e.g., “over the cloud”) as further described in
relation to FIG. 10, and so on.

An example of image processing that may be performed by
the image processing module 118 is represented as a stereo
correspondence module 122. The stereo correspondence
module 122 is representative of functionality to generate ste-
reo correspondence data, which may describe which pixels in
stereoscopic images correspond to each other and which may
be expressed as a disparity. The stereo correspondence mod-
ule 112, for instance, may process images 112, 114 to deter-
mine depth of the image scene 116 to perform three dimen-
sional modeling, perform view synthesis, view interpolation,
content manipulation, matting (e.g., object removal), support
augmented reality (e.g., object insertion), and so on. Other
examples are also contemplated, such as to capture images
112, 114 that are not stereoscopic, but still provide different
views of the image scene 116.

Another example of image processing that may be per-
formed by the image processing module 118 is represented as
a fill module 124. The fill module 124 is representative of
functionality to fill a target region in one or more of the
images 112, 114. For example, the fill module 124 may be
used to support object removal from one or more of the
images 112, 114, such as to remove the basketball from the
images 112,114 as shown in the user interface output by the
display device of the computing device 102 in the figure.
Other examples 1000-1500 are also shown in relation to
FIGS. 10-15. These techniques may also be used for a variety
of other purposes, such as to fill a portion in an image that is
missing, e.g., due to occlusion, errors, and so on. This pro-
cessing may be performed in a variety of ways, further
description of which may be found in the following discus-
sion and corresponding figure.

FIG. 2 depicts a system 200 in an example implementation
in which images 112, 114 are captured of an image scene 116
and used to fill a target region. The image scene 116 is illus-
trated as showing a room 202 having a basketball 204, a traffic
cone 206, and a piece of paper 208. The image capture devices
104, 106 are illustrated as capturing images 112, 114 of the
image scene 116, which may be stereoscopic or non-stereo-
scopic as further described below. In a stereoscopic imple-
mentation, the images may be leveraged for a variety of
purposes, such as for three dimensional modeling, view inter-
polation, and so on.

To support this example, the image processing module 118
may employ the stereo correspondence module 122 to com-
pute stereo correspondence data that describes which pixels
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in the images 112, 114 correspond to each other, such as to
include disparity maps and textures to be employed by the
respective images 112, 114. This data may be leveraged to
support a wide variety of functionality.

The fill module 124, for instance, may leverage this func-
tionality to “fill in” a target region of an image. One or more
of'the images 112, 114 for instance, may be processed by the
fill module 124 to remove an object from the image, such as
to remove the basketball 204 to generate the image 210 as
shown in the figure.

While stereoscopic consistency may be a challenge, espe-
cially in target region filling, the availability of additional
depth information from stereo pairs or other related images
(e.g., different images of the image scene 116 that are not
configured to support a stereoscopic view) may be used to
increase accuracy in performing this operation.

The available depth information, for instance, may be used
to provide an additional dimension of information for creat-
ing a patch (e.g., a completion) that is consistent with expec-
tations of a human eye. Depth information may be obtained in
a variety of other ways, such by using a depth sensor that is
configured to output data that describes depth of the image
scene 116 at different locations, through computation of ste-
reo correspondence, and so on.

Regardless of how originated, the depth information may
be leveraged in a variety of different ways. For example, a
technique may be employed to pre-fill disparity maps ina way
that maintains mutual consistency as shown in the example
900 of FIG. 9, thus allowing the respective disparity estimates
to aid further matching and blending. This may be performed
by sharing information involved in the computations, such
that a computation to arrive at a first patch for a first image
may leverage information used in the computation of a sec-
ond patch for a second image. This functionality is repre-
sented as disparity map consistency module 212 in the figure.

In another example, techniques may be supported that pro-
vide for cross-image search and depth-sensitive comparison
to both a target region and a stereo-corresponding target
region in another image. This may also be performed by
sharing information involved in the computations such that
information involved in the computations may involve difter-
ent patches for different images. This functionality is repre-
sented as a cross-image consistency module 214 in the figure.

In a further example, techniques are described that involve
an extension to a weighted blending of matched target region
patches that give preference to strong stereo correspondence
at desired disparities. This functionality is represented as a
blending module 216 in the figure. Further, computation
involved in the filling of the target regions in the disparity
maps and the filling of the respective stereoscopic images
using the color texture may be performed such that informa-
tion involved in the computations is shared, e.g., information
is propagated between the calculations for the respective
regions.

Thus, a system may be supported that may be used to
promote coherence of respective target regions with respect
to the rest of the source images 112, 114 while also maintain-
ing stereoscopic consistency. This may be performed to
match patches in a way that allows for cross-image copying in
the case of regions that are originally partially-occluded with-
out involving an explicit pre-copying step. This allows
loosely marked masks that are independent such that the
masks include non-corresponding pixels to be handled grace-
fully without requiring correspondence in the two images.

This technique may also handle removal and replacement
of texture on a three dimensional object (e.g., a wall of the
room 202 or other surface as shown in the example 1500 of
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graffiti removal in FIG. 15), removal of an entire object such
as the basketball 204 in FIG. 2 as well as the examples
1100-1400 of FIGS. 11-14, and so on. Thus, the use of depth
information may support techniques to fill a target region with
accuracy that is increased with respective to conventional
single-image completion techniques. Although the following
discussion uses stereo images in a variety of different
examples, it should be readily apparent that these techniques
may also leverage images that are not stereoscopic, such as
different views of an image scene that would not support a
stereoscopic view when viewed by a user, may involve an
object located in different image scenes, and may also be
performed to generate a single image.

In one or more implementations, techniques are described
that may leverage a single image patch-matching based
completion approach. For example, the following measure of
image coherence may be minimized:

dige(5. T) = ), mind(s. 1

teT

where “T” is a target region, “S” is a source region (e.g., an
area of the image outside of the target region), and “teT” and
“seS” are patches within target and source regions, respec-
tively. The expression “d(s,t)=|js-t||,>” is a measure of a dif-
ference between patches “s” and “t”. Intuitively, this is used to
ensure that each patch within a filled region is similar to a
corresponding patch in the rest of the image such that artifacts
introduced that would not match patches in the rest of the
image are penalized.

Thus, this expression is satisfied when two conditions are
met at each point “p.” In the first condition, each of the patches
“te’T” that overlap point “p” have an exact match “seS”, and
hence “d(s,t)=0.” In the second condition, each of the patches
“teT” overlapping “p” agree on a value at “p” such that the
blended results of the patches do not introduce additional
error. Thus, an energy/magnitude style approach may be
taken by iteratively alternating between matching each target
patch “teT” to its best match “seS”, blending of the resulting
patches is used to synthesize the content in the target region to
fill the region.

The patch-matching based approach may avoid exhaustive
search by leveraging spatial propagation of matches and ran-
dom search to support efficient techniques for finding good
matches shown in the example 300 of FIG. 3. For example, a
“nearest neighbor field” (NNF) technique may be employed,
which may provide a mapping from each patch in an image to
a corresponding best (so far) match outside the target region,
which may be denoted as “s=NNF(t).”

Additionally, techniques may be employed to update “best
matches” and then blend the matches into the target region.
This may be performed by weighting each blended patch by
a monotonically decreasing function of the distance from the
patch to the boundary of'the target region. This may help drive
content into the target region from the outside of the region.
Additionally, a gradual-resizing approach may be used to
create a multi-scale pyramid. At a coarsest scale of the pyra-
mid, diffusion filing may be used to initialize a patch-match-
ing based energy/magnitude iteration. For subsequent scales,
the NNF from a previous scale may be up sampled, examples
of which are further described in relation to the following
sections.

Stereo Image Completion

A stereo pair of images 112, 114 may be configured in a
variety of ways. For purposes of the following discussion,
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these images 112, 114 are treated as four-valued “RGBD”
images in which “D” is a disparity. Additionally, the images
112, 114 may have been rectified by the image processing
module 118 and stereo correspondence computed by the ste-
reo correspondence module 112. A user may then provide a
mask specifying one or more target regions as shown in the
examples 1000-1500 of FIGS. 10-15. This may be performed
in a variety of ways, such as by manual selection through
interaction with a stereo-based selection tool, use of a cursor
control device, gesture, through automatic selection by a
module (e.g., of a foreground object), and so forth.

Disparity maps as shown in the example 900 of FIG. 9 may
have characteristics that are quite different than those of
respective color images. Unlike color images with rich tex-
ture, for instance, disparity maps generally involve smooth
regions with strong spatial structure, qualities that may be
exploited in algorithms for computing stereo disparity, e.g.,
by the stereo correspondence module 122. In one or more
implementations, the target regions of the disparity maps are
filled first. The disparity maps may then be used to guide
selection of source patches to complete a target region’s color
texture.

Target region filling may be leveraged for a variety of
purposes. For example, filling may be used to remove entire
foreground objects as previously described in the example of
the basketball. Other examples include removal of three-
dimensional structural detail on a larger object, such as a wall
and so on in an image as shown in the examples 1000-1400 of
FIGS. 1000-1400. In another example, physical structure of
the image scene 116 may be retained, but a target region may
be used to replace texture on an object, which may be referred
to as “graffiti removal” as shown in the example 1500 in F1G.
15 and which may also be used to adjust and remove shadows
and so on. Thus, implementations are contemplated in which
auser may specify whether to fill disparities in a target region
orto retain and use the original disparity maps. A stereoscopi-
cally consistent texture may then be synthesized based on
these disparities are further described below.

Depth Completion

In this example, two disparity maps “D,” and “Dy” are
described which refer to left and right images, respectively.
These two disparity maps may be used to handle depth infor-
mation in half-occluded regions as described below. Prior to
use, holes in the disparity maps may be filled by the stereo
correspondence module 122 using a “smaller hole” variation
of the techniques described in this section.

In one or more implementations, partial differential equa-
tion (PDE) based in-painting techniques may be used to
recover a smooth spatial structure in the disparity maps. For
example, in-painting of a single disparity map “D” may
involve the following iteratively solved PDE:

i}
—D=VL-V.D
ar

where L=V* D denotes the described 2D Laplacian of the
disparity map. Intuitively, this PDE is used to propagate
image curvature along image level curves, thus filling regions
and preserving edge structure. To reduce the number of itera-
tions involved for numerical implementation of the above
expression, the target region may be initialized using a diffu-
sion-based fill. The diffusion into the target region may be
limited to disparities smaller (i.e., more distant) than the
original content in the region.
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As previously described, conventional techniques that
were employed for images singly could cause artifacts that
were viewable between stereoscopic images. Accordingly,
techniques are described in which target filling is used in
which stereoscopic consistency is enforced. For example, a
weak consistency constraint may be used as part of the
expression of the iteratively solved PDE above.

Values in disparity maps, e.g., “D;” and “Dy”, may be
characterized on a point-by-point basis in the images as fol-
lows:

Consistent and viewable in both images:

Dy (x,y)=Dr(x-Dr(xy)y)

Dp(x,y)=Dp(x+Dg(x,y).y)

Half-occluded such that an object is viewable in one image
but occluded in another:

Dy(x,yy<Dp(x-Dy(x,y)y) or

Dg(x,y)<Dy(x+Dr(%,y).)

Physical inconsistency, e.g., physically impossible to be
occluded from behind:

Dy(x,y)>Dp(x-Dy(x,y),y) or

Dg(x,y)>Dy(x+Dr(%,y).¥)

Thus, the expression of the iteratively solved PDE above
may be modified to create a pair of coupled PDEs that include
in-painting of respective disparity maps as well as additional
terms that promote mutual consistency and therefore stereo-
scopic consistency as follows:

a
500 =YL VDL A,

a
5:08 = VLg-V. D+ Ay

where “L;” is a Laplacian of “D;”, and “L.;” is a Laplacian of
«ry »
Dz”, and

pLx, y) =

Dr(x=Dy(x, y), y) = Dp(x, y) if Drx = Dp(x, y), y) = Dp(x, y) <€
0 otherwise

pr(x, y) =

Dp(x+ Dg(x, y), y) = Drix, y) if Dp(x — Dgr(x, ), y) + Dr(x, y) <€
0 otherwise

are the consistency terms, with “e” controlling the tolerance.
If the above expression describing consistency for the values
in the disparity maps applies at a given pixel to within “€”
tolerance (e.g., less than or equal to a tolerance of “1” or other
value), an assumption may be made that the disparities are to
be consistent. Therefore, these disparities may be adjusted to
increase similarity as desired.

On the other hand, if the half-occluded characterization
above applies at a given pixel greater than “e” tolerance, an
assumption may be made that the pixels are involved in a “half
occlusion” and therefore the differing disparities are retained.
Further, if the inconsistency characterization above applies,
the disparity maps may be adjusted to correct this physical
inconsistency.
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Texture Matching and Synthesis

To synthesize texture over the respective disparity maps of
the images 112, 114 to perform the “completion” shown in
FIGS. 10-15, the objective function described above may be
broadened to allow for the drawing of source textures from
either image, penalize stereo mismatches between the
images, and so on. For example, let “S;,” and “S;” denote
source regions in left and right images, respectively, and
similarly let “T,” and “T;” denote respective target regions.
Also, let “C, 4(1)” denote mapping from patch “t,€T,” cen-
tered at “(X, y)” to a corresponding patch “t,€T;” centered at
“x-D,(x,y),y)” To simplify further notation in the follow-
ing discussion, “C(t)=C,x(t)” is used for patches in the left
image and “C(t)=Cg;()” is used for patches in the right
image, respectively.

Optimization of stereo-filling coherence may therefore be
defined as a minimization of the following objective function:

ot (S, Sk Te, TR) =

2

Ty UTg

min  d(s, 1) +
seSp USp

D die, Cra@) + Y dit, Cru(e)

teTy, teTp

Here, the patch-difference measure “d(s,t)” may be redefined
to be a mean squared difference between the RGBD values of
the patches. Other patch distances and ways of incorporating
depth and/or disparity are also contemplated.

The first term is similar to the above expression regarding
the image coherence measure and encourages coherent filling
of the target regions in the respective images. It should be
noted that the matching of patches across the two images is
explicitly allowed in this example, thereby providing a richer
set of source patches.

The additional two terms in the expression above encour-
age stereo consistency by penalizing patches that exhibit
visual dissimilarity at the relevant disparity. While this like-
wise does not immediately imply an algorithm for optimiza-
tion, the energy/magnitude approach of the pair of coupled
PDEs above that is designed to promote mutual consistency
may be extended. This extension may be performed based
two observations. First, that the objective function for stereo-
filling coherence is minimized if both of the conditions iden-
tified above for minimizing the measure of image coherence
are met. Second, the objective function for stereo-filling
coherence is minimized if each of the pixels in the target
regions are filled with content that exactly matches a corre-
sponding patch in the other image at the relevant disparity.
This may be true unless such content would not be visible in
the other image, i.e., half occluded. To encourage this, the
patch-blending step of the energy/magnitude process may be
modified to give increased weight to patches that are stereo-
consistent, unless occluded in the other image. The patch-
matching search may also be expanded to include patches
from both images, including a propagation step designed to
facility stereo consistency.

Stereo Patch Matching

Because the two source images provide a larger set of
source patches than either image alone, and because some
useful patches may be visible in one image but not in the
other, the patch-matching algorithm may be extended to
include cross-image searching as previously described. The
patch-matching algorithm may use two parts to search for
better patches than currently found, an example 300 of which
is shown in FIG. 3. The first is a propagation step, in which the
neighbors of patches matched to those neighboring the cur-
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rent patch are considered as “spatial” examples. For example,
the current NNF matches for the neighbors of “t” are consid-
ered to update “NNF(t)”. The second involves a random
search step shown as “random” in the figure.

As shown in the example implementation 300 of FIG. 3,
this may be extended to include a stereo-correspondence step,
in which the stereo-corresponding patch in the other image is
considered, e.g., for patch “C(t)” which is illustrated as “ste-
reo” in the figure. Thus, this may also include a stereo propa-
gation step, in which matches found for the neighbors of the
corresponding patch “C(t)” are considered. In one or more
implementations, inclusion of the current values for the ste-
reo-corresponding patch in the other image “C(t)” is the only
time matching is allowed between a target patch to a patch
that is inside or overlaps either target region.

This inclusion in the expanded search allows for copying
(and subsequent blending) of patches that have been found in
the other image, leading to minimization of the latter two
terms of the stereo-filling coherence objective function
above. It should be noted that the stereo-corresponding patch
is still selected as the best-corresponding patch during the
patch-matching process, which ultimately allows the image
for which the best completion is found to dominate the other,
weaker solution. It is also possible that during this stereo-
correspondence part of the search the corresponding patch is
part of the source region, and not the target region, for the
other image. This may happen when removal of a foreground
object dis-occludes a region in one image that is visible in the
other image. Conventional techniques relied heavily by
explicitly warping originally halt-occluded data, however the
techniques described herein may be performed without an
explicit copying pre-step. Further, cross-image copying may
happen automatically as part of the searching and synthesis
process in these techniques.

In addition to the spatial propagation step of the patch
matching algorithm referenced above, a stereo propagation
step may also be included. The stereo propagation step may
beused to expand the pool of candidate source patches further
to include not only the corresponding patch “C(t)” in the other
image, but the current best matches to “C(t)”” according to the
other image’s NNF. Due to sub-pixel disparities, which are
present in the multi-scale hierarchy even if the original dis-
parity maps use only integer disparities, this means searching
two possible candidates using the floor and ceiling of the x
coordinates of “C(t).”

Stereo-Consistent Patch Blending

Once the nearest-neighbor field is updated using the
extended patch-matching algorithm above, a “patch voting”
operation may be performed to blend the source patches and
fill the target region. In order to promote stereo consistency,
increased blending weight may be given to those patches that
are consistent with their stereoscopic counterparts in the other
image. For example, the blending weight of pixels in patch “t”
may be a function of the similarity between “t”” and the stereo-
corresponding patch “C(t).”

The color “c” of a particular target pixel “p,” for instance,
may be calculated using a weighted blending of the values of
the source patches “s” matched to each target patch “t” that
overlaps pixel “p,” in a manner similar to the mutual consis-
tency expression described above. For example, let “{t',
2, ..., '} denote a set of patches overlapping pixel “p,”
whether entirely inside the target region “I” or not. Also, let
{s', 8%, . .., s*}” denote respective best matches for the
patches. If is used to denote the color for pixel “p” as
suggested by the source patch “S™ and weight “w” denote the
weight given to patch “t”, the color “c” for pixel “p” is given
by the weighted blending:

Tpeit)
C
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The weights “w"” are a combination of two factors. The
first factor is the same as the one used for single-image filling
as described for the conventional patch-matching algorithm
above. The second factor is an additional factor that penalizes
stereoscopic mismatches as follows:

wi=w i’
The distance-based weight “w > may be calculated by:
Wdij\{—dist(pi,z)

[T

p,” (the center of patch
) to a boundary of a target region “T”, or “0” if “p,” lies
outside of “T.” In one or more implementations, a value of
vy=1.3 is used.

The stereoscopic-consistency weight “w,” is given by
comparing un-occluded parts of patch “t™ to a (possibly
sub-pixel) counterpart in the other image as follows:

where “dist(p’, T)” is a distance from

“ti”

iss
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The occlusion-respecting patch squared difference
d (f,C(t))” is calculated as the mean squared difference
between the mutually un-occluded portions of the patches “t*”
and “C(t')”, again which may support sub-pixel comparison.
If the entire patch “t™ is occluded from view in the other
image (i.e., there is no corresponding “C(t)”), “d (t',C(t"))” is
set to a maximum of “3-255” to give a minimal but non-zero
weight in the blending. This has the effect of causing half-
occluded regions to be filled from the un-occluded side,
thereby giving a stronger weight to the contributions from
un-occluded neighboring patches. Within the half-occluded
region, however, these patches each have the same (albeit
low) weight, which effectively removes the effect of this
weighting factor from the weights “w” above through nor-
malization of the weighted blending. In one or more imple-
mentations, a value of “o0,=7 ” is used.

Example Procedures

The following discussion describes target region filling
techniques that may be implemented utilizing the previously
described systems and devices. Aspects of each of the proce-
dures may be implemented in hardware, firmware, or soft-
ware, or a combination thereof. The procedures are shown as
a set of blocks that specify operations performed by one or
more devices and are not necessarily limited to the orders
shown for performing the operations by the respective blocks.
In portions of the following discussion, reference will be
made to FIGS. 1-3.

FIG. 4 depicts a procedure 400 in an example implemen-
tation in which stereoscopic consistency of patches is
enforced to fill target regions for a plurality of stereoscopic
images. An indication is received of a target region that is to
be filled for each of a plurality of stereoscopic images (block
402). The indication may describe a boundary, pixels
involved in a target region, and so on. This indication may
originate in a variety of ways, such as through manual selec-
tion by a user, automatic selection by a module (e.g., to
automatically specify an object for removal from an image),
and so on.

A patchis computed to be used to fill the target region in the
respective stereoscopic image, the computing performed to
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enforce stereoscopic consistency of the patches for the plu-
rality of stereoscopic images, one to another (block 404). For
example, the computation of the patches may be performed to
employ weighting the promote consistency and penalize
inconsistencies such that images are suitable for stereoscopic
use as previously described. This may include use of depth
information to guide creation of color textures for the patches.
The target regions are then filled in the respective stereo-
scopic images using the computed patches, respective (block
406), such as to use synthesized color textures to complete the
images.

FIG. 5 depicts a procedure 500 in an example implemen-
tation in which a target region in a disparity map is filled and
then target regions in stereoscopic images are filled using a
color texture. Target regions in disparity maps for respective
ones of a plurality of stereoscopic images are filled (block
502). The target regions, for instance, may be specified for
removal. Accordingly, resulting “holes” in disparity maps are
filled as previously described, such as to define geometries of
an image scene captured by the images.

Corresponding target regions in the respective stereoscopic
images are filled using a color texture, a computation of
which is guided using the filled disparity maps for a source
region that includes the plurality of stereoscopic images
(block 504). The filled disparity maps, for example, may be
used to guide which patches in the images likely correspond
to the target region, such as based on location at a similar
depth. Further, source regions may include both images such
that a wider range of patches are available, which may be used
to support filling of half-occluded regions and so on as pre-
viously described.

FIG. 6 depicts a procedure 600 in an example implemen-
tation in which depth information is used to compute a color
texture patch. Depth information is obtained that is associated
with an image scene (block 602). The depth information may
be obtained in a variety of ways, such as from a depth sensor
(e.g., laser range finder, grid-projection system, time-of-flight
camera, and so on), computed using a stereoscopic images,
and so on.

A patch is computed having a color texture to be used to fill
atarget region in an image of the image scene, the computing
performed at least in part using the depth information (block
604). The depth information, may be used to define geom-
etries of an image scene, as well as which parts of the image
are located at similar depths. Thus, this information may be
used to guide selection of patches from source regions that lie
outside of the target region.

The target region of the image is then filled using the
computed patch having the color texture (block 606). This
may be used to support a variety of functionality, such as
graffiti removal (e.g., by keeping depth information for the
target region), object removal (e.g., to compute new depth
information for the target region), and so on.

FIG. 7 depicts a procedure 700 in an example implemen-
tation in which a patch is computed using a source region that
includes an area of an image outside of a target region as well
as another image. An indication is received of a target region
of'an image that is to be filled (block 702). As before, this may
be performed in a variety of ways, such as through use of a
cursor control device, gesture, voice command, and so on to
specify the target region.

A patch is computed that is to be used to fill the target
region in the image, the computing performed at least in part
using a source region that includes an area of the image
outside of the target region as well as at least one part of
another image of the image scene (block 704). As before, this
may include an area of an image that includes the target region
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that is outside of the target region. This may also include
another image of the image scene, which may be part of a
stereoscopic pair. This may also include another image of the
image scene that is not part of a stereoscopic pair, such as an
image that does not support stereoscopic vision.

The target region of the image is then filled using the
computed patch (block 706). In this way, the source region
may be increased and thus provide increased richness and
variety of information regarding the image scene for the com-
putation of the patch.

FIG. 8 depicts a procedure 800 in an example implemen-
tation in which a patch is computed to fill a target region that
includes an occluded portion. An indication of a target region
is received of a first image that is to be filled, the target region
having an occluded portion (block 802). The target region, for
instance, may include a foreground object that occludes at
least a part of another object in the image.

A patch is computed that is to be used to fill the target
region in the first image based at least in part on a source
region that includes the first image and a second image having
a portion that corresponds to the occluded portion of the first
image, the computing performed without performing an
explicit preliminary warping operation (block 804). In an
example that involves object removal, for instance, the por-
tion from the second image that is not occluded may be used
as part of the patch for the first image. The second image, for
instance, may include a part of the other object of the image
that is not occluded by the foreground object, such as in an
instance along an edge of an object in a stereoscopic pair of
images. Other non-stereoscopic examples are also contem-
plated, such as for different images scenes that include a
similar object (e.g., a particular car), different images of the
same image scene, and so on. Further, this may be performed
without an explicit preliminary warping operation and there-
fore may be performed implicitly as part of the computing.

The target region is then filled with the computed patch
(block 806), which may be performed to fill a color texture,
disparity or depth map, and so on. Other examples are also
contemplated without departing from the spirit and scope
thereof.

Example System and Device

FIG. 16 illustrates an example system generally at 1600
that includes an example computing device 1602 that is rep-
resentative of one or more computing systems and/or devices
that may implement the various techniques described herein.
This is illustrated through inclusion of the image processing
module 118, which may be configured to process image data,
such as image data captured by an image capture device 104.
The computing device 1602 may be, for example, a server of
a service provider, a device associated with a client (e.g., a
client device), an on-chip system, and/or any other suitable
computing device or computing system.

The example computing device 1602 as illustrated
includes a processing system 1604, one or more computer-
readable media 1606, and one or more I/O interface 1608 that
are communicatively coupled, one to another. Although not
shown, the computing device 1602 may further include a
system bus or other data and command transfer system that
couples the various components, one to another. A system bus
can include any one or combination of different bus struc-
tures, such as a memory bus or memory controller, a periph-
eral bus, a universal serial bus, and/or a processor or local bus
that utilizes any of a variety of bus architectures. A variety of
other examples are also contemplated, such as control and
data lines.

The processing system 1604 is representative of function-
ality to perform one or more operations using hardware.
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Accordingly, the processing system 1604 is illustrated as
including hardware element 1610 that may be configured as
processors, functional blocks, and so forth. This may include
implementation in hardware as an application specific inte-
grated circuit or other logic device formed using one or more
semiconductors. The hardware elements 1610 are not limited
by the materials from which they are formed or the processing
mechanisms employed therein. For example, processors may
be comprised of semiconductor(s) and/or transistors (e.g.,
electronic integrated circuits (ICs)). In such a context, pro-
cessor-executable instructions may be electronically-execut-
able instructions.

The computer-readable storage media 1606 is illustrated as
including memory/storage 1612. The memory/storage 1612
represents memory/storage capacity associated with one or
more computer-readable media. The memory/storage com-
ponent 1612 may include volatile media (such as random
access memory (RAM)) and/or nonvolatile media (such as
read only memory (ROM), Flash memory, optical disks, mag-
netic disks, and so forth). The memory/storage component
1612 may include fixed media (e.g., RAM, ROM, a fixed hard
drive, and so on) as well as removable media (e.g., Flash
memory, a removable hard drive, an optical disc, and so
forth). The computer-readable media 1606 may be configured
in a variety of other ways as further described below.

Input/output interface(s) 1608 are representative of func-
tionality to allow a user to enter commands and information to
computing device 1602, and also allow information to be
presented to the user and/or other components or devices
using various input/output devices. Examples of input
devices include a keyboard, a cursor control device (e.g., a
mouse), a microphone, a scanner, touch functionality (e.g.,
capacitive or other sensors that are configured to detect physi-
cal touch), a camera (e.g., which may employ visible or
non-visible wavelengths such as infrared frequencies to rec-
ognize movement as gestures that do not involve touch), and
so forth. Examples of output devices include a display device
(e.g., a monitor or projector), speakers, a printer, a network
card, tactile-response device, and so forth. Thus, the comput-
ing device 1602 may be configured in a variety of ways as
further described below to support user interaction.

Various techniques may be described herein in the general
context of software, hardware elements, or program modules.
Generally, such modules include routines, programs, objects,
elements, components, data structures, and so forth that per-
form particular tasks or implement particular abstract data
types. The terms “module,” “functionality,” and “component™
as used herein generally represent software, firmware, hard-
ware, or acombination thereof. The features ofthe techniques
described herein are platform-independent, meaning that the
techniques may be implemented on a variety of commercial
computing platforms having a variety of processors.

An implementation of the described modules and tech-
niques may be stored on or transmitted across some form of
computer-readable media. The computer-readable media
may include a variety of media that may be accessed by the
computing device 1602. By way of example, and not limita-
tion, computer-readable media may include “computer-read-
able storage media” and “computer-readable signal media.”

“Computer-readable storage media” may refer to media
and/or devices that enable persistent and/or non-transitory
storage of information in contrast to mere signal transmis-
sion, carrier waves, or signals per se. Thus, computer-read-
able storage media refers to non-signal bearing media. The
computer-readable storage media includes hardware such as
volatile and non-volatile, removable and non-removable
media and/or storage devices implemented in a method or
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technology suitable for storage of information such as com-
puter readable instructions, data structures, program mod-
ules, logic elements/circuits, or other data. Examples of com-
puter-readable storage media may include, but are not limited
to, RAM, ROM, EEPROM, flash memory or other memory
technology, CD-ROM, digital versatile disks (DVD) or other
optical storage, hard disks, magnetic cassettes, magnetic tape,
magnetic disk storage or other magnetic storage devices, or
other storage device, tangible media, or article of manufac-
ture suitable to store the desired information and which may
be accessed by a computer.

“Computer-readable signal media” may refer to a signal-
bearing medium that is configured to transmit instructions to
the hardware of the computing device 1602, such as via a
network. Signal media typically may embody computer read-
able instructions, data structures, program modules, or other
data in a modulated data signal, such as carrier waves, data
signals, or other transport mechanism. Signal media also
include any information delivery media. The term “modu-
lated data signal” means a signal that has one or more of its
characteristics set or changed in such a manner as to encode
information in the signal. By way of example, and not limi-
tation, communication media include wired media such as a
wired network or direct-wired connection, and wireless
media such as acoustic, RF, infrared, and other wireless
media.

As previously described, hardware elements 1610 and
computer-readable media 1606 are representative of mod-
ules, programmable device logic and/or fixed device logic
implemented in a hardware form that may be employed in
some embodiments to implement at least some aspects of the
techniques described herein, such as to perform one or more
instructions. Hardware may include components of an inte-
grated circuit or on-chip system, an application-specific inte-
grated circuit (ASIC), a field-programmable gate array
(FPGA), a complex programmable logic device (CPLD), and
other implementations in silicon or other hardware. In this
context, hardware may operate as a processing device that
performs program tasks defined by instructions and/or logic
embodied by the hardware as well as a hardware utilized to
store instructions for execution, e.g., the computer-readable
storage media described previously.

Combinations of the foregoing may also be employed to
implement various techniques described herein. Accordingly,
software, hardware, or executable modules may be imple-
mented as one or more instructions and/or logic embodied on
some form of computer-readable storage media and/or by one
ormore hardware elements 1610. The computing device 1602
may be configured to implement particular instructions and/
or functions corresponding to the software and/or hardware
modules. Accordingly, implementation of a module that is
executable by the computing device 1602 as software may be
achieved at least partially in hardware, e.g., through use of
computer-readable storage media and/or hardware elements
1610 of the processing system 1604. The instructions and/or
functions may be executable/operable by one or more articles
of manufacture (for example, one or more computing devices
1602 and/or processing systems 1604) to implement tech-
niques, modules, and examples described herein.

The techniques described herein may be supported by vari-
ous configurations of the computing device 1602 and are not
limited to the specific examples of the techniques described
herein. This functionality may also be implemented all or in
part through use of a distributed system, such as over a
“cloud” 1614 via a platform 1616 as described below.

The cloud 1614 includes and/or is representative of a plat-
form 1616 for resources 1618. The platform 1616 abstracts
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underlying functionality of hardware (e.g., servers) and soft-
ware resources of the cloud 1614. The resources 1618 may
include applications and/or data that can be utilized while
computer processing is executed on servers that are remote
from the computing device 1602. Resources 1618 can also
include services provided over the Internet and/or through a
subscriber network, such as a cellular or Wi-Fi network.

The platform 1616 may abstract resources and functions to
connect the computing device 1602 with other computing
devices. The platform 1616 may also serve to abstract scaling
of resources to provide a corresponding level of scale to
encountered demand for the resources 1618 that are imple-
mented via the platform 1616. Accordingly, in an intercon-
nected device embodiment, implementation of functionality
described herein may be distributed throughout the system
1600. For example, the functionality may be implemented in
part on the computing device 1602 as well as via the platform
1616 that abstracts the functionality of the cloud 1614.

CONCLUSION

Although the invention has been described in language
specific to structural features and/or methodological acts, it is
to be understood that the invention defined in the appended
claims is not necessarily limited to the specific features or acts
described. Rather, the specific features and acts are disclosed
as example forms of implementing the claimed invention.

What is claimed is:

1. A method implemented by one or more computing
devices, the method comprising:

receiving an indication of a target region of a first image

that is to be filled, the target region having an occluded
portion;

computing a patch to be used to fill the target region in the

first image based at least in part on a source region that
includes the first image and based at least in part on a
second image having a portion that corresponds to the
occluded portion of the first image, the computing per-
formed without performing an explicit preliminary
warping operation and by blending a plurality of patches
taken from the source region using a blending weight to
enforce cross-image consistency between the first and
second images, the blending weight being increased for
patches that are consistent with their stereoscopic coun-
terparts in the second image; and

filling the target region of the first image using the com-

puted patch.

2. The method as described in claim 1, wherein the first and
second images form a stereoscopic pair.

3. The method as described in claim 1, wherein the first and
second images do not form a stereoscopic pait.

4. The method as described in claim 1, wherein the patch
includes a color texture.

5. The method as described in claim 1, wherein the com-
puting is also based at least in part on an area of the first image
that is outside the target region.

6. The method as described in claim 1, wherein the com-
puting is performed to enforce stereoscopic consistency
between the patch and a patch to be used to fill a correspond-
ing target region of the second image.

7. The method as described in claim 1, wherein a patch that
does not have a stereoscopic counterpart in the second image
is given a minimal, non-zero blending weight.

8. A non-transitory computer-readable storage medium
storing program instructions, the program instructions being
computer-executable to implement:



US 9,350,969 B2

17

receiving an indication of a target region of a first image
that is to be filled, the target region having an occluded
portion;

computing a patch to be used to fill the target region in the
first image based at least in part on a source region that
includes the first image and based at least in part on a
second image having a portion that corresponds to the
occluded portion of the first image, the computing per-
formed without performing an explicit preliminary
warping operation and by blending a plurality of patches
taken from the source region using a blending weight to
enforce cross-image consistency between the first and
second images, the blending weight being increased for
patches that are consistent with their stereoscopic coun-
terparts in the second image; and

filling the target region of the first image using the com-
puted patch.

9. The non-transitory computer-readable storage medium
asrecited in claim 8, wherein the first and second images form
a stereoscopic pair.

10. The non-transitory computer-readable storage medium
as recited in claim 8, wherein the first and second images do
not form a stereoscopic pair.

11. The non-transitory computer-readable storage medium
as recited in claim 8, wherein the patch includes a color
texture.

12. The non-transitory computer-readable storage medium
as recited in claim 8, wherein the computing is also based at
least in part on an area of the first image that is outside the
target region.

13. The non-transitory computer-readable storage medium
as recited in claim 8, wherein the computing is performed to
enforce stereoscopic consistency between the patch and a
patch to be used to fill a corresponding target region of the
second image.

10

15

20

25

30

35

18

14. A system comprising:

one or more processors; and

a memory comprising program instructions, the program

instructions executable by at least one of the one or more

processors to:

receive an indication of a target region of a first image
that is to be filled, the target region having an occluded
portion;

compute a patch to be used to fill the target region in the
firstimage based at least in part on a source region that
includes the first image and based at least in part on a
second image having a portion that corresponds to the
occluded portion of the first image, the computing
performed without performing an explicit prelimi-
nary warping operation and by blending a plurality of
patches taken from the source region using a blending
weight to enforce cross-image consistency between
the first and second images, the blending weight being
increased for patches that are consistent with their
stereoscopic counterparts in the second image; and

fill the target region of the first image using the com-
puted patch.

15. The system of claim 14, wherein the first and second
images form a stereoscopic pair.

16. The system of claim 14, wherein the first and second
images do not form a stereoscopic pair.

17. The system of claim 14, wherein the patch includes a
color texture.

18. The system of claim 14, wherein the computing is also
based at least in part on an area of the first image that is outside
the target region.

19. The system of claim 14, wherein the computing is
performed to enforce stereoscopic consistency between the
patch and a patch to be used to fill a corresponding target
region of the second image.

20. The system of claim 14, wherein a patch that does not
have a stereoscopic counterpart in the second image is given
a minimal, non-zero blending weight.
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